The purpose of this article is to provide an up to date review on the spectrum of applications of perfusion computed tomography (CT) in the abdomen. New imaging techniques have been developed with the objective of obtaining a structural and functional analysis of different organs. Recently, perfusion CT has aroused the interest of many researchers who are studying the applicability of imaging modalities in the evaluation of abdominal organs and diseases. Perfusion CT enables fast, non-invasive imaging of the tumor vascular physiology. Moreover, it can act as an in vivo biomarker of tumorrelated angiogenesis.
Introduction
The field of radiology has had recent developments such as the advent of multidetector computed tomography (MDCT), among other imaging methods, that have allowed for consequential acquisition of images with higher quality and accuracy. Perfusion CT is an exciting CT technology that permits the functional evaluation of tissue vascularity. It has been generally used since the development of imaging techniques and post-processing software. Perfusion CT measures the temporal changes in the tissue density after intravenous injection of a contrast medium bolus using a series of dynamically acquired CT images [1] . In this article, the authors review the basic principles and technique of perfusion CT and discuss its various oncologic and nononcologic clinical applications in abdominal imaging.
Dual-energy CT
Dual-energy CT enables differentiation of the materials and tissues in the images obtained based on the differences in the iodine and water densities; the resulting CT images are reconstructed using two different energy spectra. Dual energy CT can be performed with multidetector CT imaging in current clinical settings. An advantage of dual-energy CT is its ability to perform scanning at low tube voltages (kVp). There are four types (GE Healthcare, Siemens, Philips and Toshiba) of dual-energy CT systems. Dual-energy CT imaging is used routinely in clinical abdominal imaging. The Siemens dual-energy CT system has two X-ray sources and two X-ray detectors that are offset by 90° with a single CT gantry. This system has the advantage of better energy separation compared with the fast kV switching system. Dual-energy CT offers more specific tissue characterization in the obtained CT images and can improve the assessment of vascular disease. Dual-energy material decomposition images offer improved visualization of vascular structures and abnormal calcifications, such as renal and gall stones, as well as depiction of soft tissue structures, such as the kidneys, pancreas, liver, and spleen. These images have the potential to increase the sensitivity and specificity of pathology detection [2] .
Perfusion CT
CT perfusion imaging is a developing technique for quantitatively evaluating tissue blood perfusion [1] . Perfusion CT is a minimally invasive method that has the advantage of providing highly reliable quantification of parenchymal perfusion at a low cost. Perfusion CT is performed by the acquisition of serial images after bolus injection of an iodinated contrast agent. The mean transit time (MTT) and permeability surface area product (PS) of the contrast material are two important parameters for perfusion CT. These parameters describe parenchymal microvascular changes. MTT is defined as the time that a contrast agent takes to go through the liver, from entry to exit, averaged over all possible paths. The PS is defined as the speed of transfer of a contrast agent from the capillary endothelium to the intercellular space [3] . The time to peak (TTP), measured in seconds, is defined as the time elapsed before peak enhancement is achieved.
Hepatic perfusion CT enables the analysis of liver function and the measurement of the following: tissue blood flow (Tissue BF; mL/min/100 g); tissue blood volume (Tissue BV; mL/100 g); and MTT (s). This method is designed to calculate hepatic blood flow and portal blood flow using a colorencoded display of parameters from the liver time-density curve using an iodine contrast agent. Thus, liver functional maps are calculated from the input function based on regions of interest (ROIs) over the aorta and portal vein [2] .
Perfusion Imaging of the Liver
Vascular anatomy of the normal liver It is important to understand the complex blood flow through the liver. The liver has a dual afferent blood supply; it receives an afferent blood supply through both the portal vein and hepatic artery. Tributaries of the portal vein include the splenic and inferior and superior mesenteric veins. The PV delivers ~ 75% of the afferent blood volume to the liver. Within the liver, the portal vein splits into right and left branches. The terminal circulation is observed in microscopic slides as portal veins in the portal tracts. The other source of blood coming into the liver originates from the common hepatic artery, which is one of the three branches of the celiac trunk. The hepatic artery delivers highly oxygenated blood to the liver and accounts for 20-25% of the total afferent blood volume. Sinusoids are the largest microvascular circulation components of the liver. The sinusoids of the liver drain directly into the terminal hepatic venules. The terminal hepatic venules eventually coalesce to form large hepatic veins. The right, left, and middle hepatic veins form the venous drainage, and these three vessels form a confluence that drains into the inferior vena cava.
Perfusion imaging in cirrhosis
Hepatic cirrhosis is diffuse liver disease characterized by progressive destruction and distortion of the normal lobular architecture of the liver parenchyma. The hemodynamic end result of cirrhosis is progressive obstruction of the intrahepatic vascular bed by fibrosis and nodular regeneration, resulting in portal hypertension [4] . This increase in the intrahepatic vascular resistance leads to a decrease in the portal fraction of liver perfusion. This decreased portal perfusion is partially compensated by an increase in the arterial flow, while the total liver perfusion is reduced in cirrhotic patients [3, 5] .
CT can reliably demonstrate the varied hemodynamic concomitants of portal hypertension, including a panorama of portosystemic venous collaterals, splenomegaly and ascites. Because of their high spatial and temporal resolution, modern CT scanners have been widely used to measure perfusion in clinical studies, diagnosis and treatment assessment. To evaluate the quantitative and qualitative microvascular alterations in liver cirrhosis, hepatic perfusion parameters (both MTT and PS) are measured in patients with liver cirrhosis by perfusion CT. These parameters are important and critical for assessing the function of the liver, as shown by many studies in humans and animals. The MTT mainly reflects the transit time through the capillaries. In the some studies [3, 6] , the MTT values observed in control subjects were higher than those observed in cirrhotic patients. However, other studies [7, 8] reported no difference in the MTT of controls versus cirrhotic patients. Van Beers et al. [9] reported that the total liver perfusion (TLP) is decreased in patients with cirrhosis and non-cirrhotic chronic liver disease, while the hepatic arterial perfusion index (HPI) and MTT are increased.
Perfusion imaging for detection of hepatocellular carcinoma
Hepatocellular carcinoma (HCC) is the most common malignant neoplasm of the liver in many parts of the world. This neoplasm is often a hypervascular tumor that derives its blood supply primarily from the hepatic artery. CT angiography is a sensitive method for the detection of intranodular arterial and portal perfusion flow and, thus, enables the accurate diagnosis of HCC [10] . The typical vascular pattern of HCC is high attenuation relative to the liver parenchyma during the early phase of dynamic CT [11] . Using perfusion CT to measure tumor perfusion and assess HCC is beneficial for determining the differential diagnosis, evaluating tumor aggressiveness, monitoring the therapeutic effects, and determining the final patient outcome [1, 3] . The perfusion parameters of HCC differ considerably from the background liver parenchyma. HCC has higher BF, BV and PS values and lower MTT values than the background liver [12] (Figure 1 ).
Perfusion imaging for metastatic disease
Identification of hepatic metastatic disease is very important for its staging, prognosis and treatment. Perfusion CT can reveal increased arterial perfusion in patients with hepatic metastatic disease [13, 14] . Routine CT imaging is insensitive to occult and early stage hepatic micro metastases. Perfusion CT is more sensitive in the characterization of focal hepatic lesions and in the early detection of liver metastases that are too small to be detected by conventional CT [14] . Increases in both the HAP and HPI reveal the possibility of liver micro metastasis [15] . The presence of higher perfusion in the metastatic lesions, identified by CT imaging, is considered a good prognostic indicator, suggesting that the patient will have an optimal response to treatment [1, 14] (Figure 2 ).
Perfusion imaging in liver transplantation
Living-donor liver transplantation has been developed as a treatment for patients with end-stage liver diseases. Livingdonor liver transplantation using right lobe grafts is widely accepted as the standard procedure. This transplantation procedure may lead to hemodynamic alterations, especially hepatic venous congestion. Hepatic venous congestion usually takes place in the anterior segment as a result of ligation of the large middle hepatic vein tributaries, including the veins of segment V or VIII.
Multiphase contrast enhanced CT, Doppler ultrasonography, and MRI are all used to non-invasively evaluate hepatic venous congestion after liver transplantation [16] [17] [18] . However, these imaging modalities can hardly provide quantitative measurements of segmental congestion. CT perfusion imaging is a quantitative method for identifying liver hemodynamic properties [19, 20] . It can monitor the pattern of hemodynamic changes in the portal vein and hepatic artery, contributing to the early diagnosis of blood vessel complications after transplantation [15] . Qian et al. [20] reported that CT liver perfusion imaging enables the feasible quantification of the hemodynamic alterations in right-lobe liver grafts after living-donor liver transplantation. Researchers have suggested that ligation of large MHV tributaries, compared to small middle hepatic vein tributaries, can bring about a more marked perfusion imbalance between the anterior and posterior segments.
Perfusion Imaging of the Pancreas
Ultrasonography, computed tomography, and magnetic resonance imaging have been used to evaluate and characterize pancreatic pathologies [21] . Due to technical advances in the development of multidetector and multiphase contrast-enhanced computed tomography, CT imaging is becoming the first-line imaging procedure of choice for pancreatic disease diagnostics [22] .
Perfusion CT protocol for the pancreas Usually, patients receive water (500 mL) perorally before examination to distend the stomach and duodenum, creating a better delineation of the pancreas. Afterwards, a craniocaudal topogram scan is performed (100 kVp, 35 mAs, and 0.6 mm slice thickness), followed by a non-contrast-enhanced scan (100 kVp, 100 mAs, 5 mm slice thickness, 0.9 pitch, and 0.5 s
Figure 1. Transverse contrast material functional CT perfusion color map of BF of CT perfusion in a patient with HCC in right lobe of liver. Various ROIs in tumor (1) and normal liver (2) were drawn Transverse CT perfusion functional maps of BF, BV, ALP, PVP, and HPI in 65-year-old man show large mass in right lobe of liver that has a distinct range of colors compared with background liver parenchyma.
rotation time). A dynamic study of the selected area (including the whole pancreas) is performed in a single breath-hold at the end of expiration after contrast injection (100 kVp, 145 mAs, 5 mm slice thickness, 376 mm field-of-view, 148 mm z-axis range, and 0.28 s rotation time). Iodinated contrast material (50 mL iodixanol, 320 mg iodine/mL) is administered through an 18-gauge intravenous cannula using a dual-head pump injector at a flow rate of 5 mL/s, followed by a flush with sterile saline solution (50 mL, 5 mL/s) [22] [23] [24] .
Perfusion CT in evaluating pathologies of the pancreas
The most common pathologies of the pancreas include inflammatory processes (such as acute and chronic pancreatitis) and neoplastic diseases (of which pancreatic adenocarcinoma is the most common). The identification of these lesions has significant therapeutic and prognostic implications [23] . Without tissue sampling, the differential diagnosis of pancreatic pathologies by conventional CT remains a challenge. One of the most recent developments in CT imaging is body and organ perfusion CT. Perfusion CT provides information about the tissue hemodynamics and can assess parameters such as the tissue blood perfusion and permeability, leading to a better, non-invasive characterization and identification of (tumor) tissues. Perfusion CT imaging has previously been investigated, but it was only investigated in pancreatic adenocarcinoma [24, 25] . Poor vascularization is characteristic of pancreatic adenocarcinoma [26, 27] . Pancreatic adenocarcinoma usually presents as a hypodense region relative to the surrounding normal parenchyma by conventional CT imaging or can instead be isoattenuating (up to 11% of pancreatic adenocarcinoma) [28, 29] .
There are no or very few functional microvessels remaining in necrotic and cystic tissue areas, resulting in low perfusion values [30] (Figure 3) . Indeed, the perfusion values in necrotic adenocarcinoma tissue, pseudocystic tissue, and acute pancreatitis zones are significantly lower than the values obtained in the surrounding tissue [25] . Additionally, neuroendocrine tumor tissue has a significantly higher blood flow and blood volume than normal pancreatic tissue. Neuroendocrine tumors are hyperdense by conventional CT because they are higher vascularized [31] . d'Assignies et al. [24] measured CT perfusion parameters in pancreatic endocrine tumors and found higher blood flow values (239.8 mL/100 g/min, 23.9 mL/100 g, and 54.9 mL/100 g/min for the blood flow, blood volume, and permeability surface area product, respectively).
Differential diagnosis between pancreatitis and pancreatic adenocarcinoma based solely on perfusion CT parameter values remains troublesome. However, clinical symptoms and patient history also have to be taken into account [31] . Distinguishing acute and chronic pancreatitis based on perfusion CT parameters remains troublesome; significantly decreased perfusion values were obtained only in active, acute pancreatitis focal lesions. However, the combination of CT and clinical information (e.g., the prototypical sudden onset of acute pancreatitis) can help in sorting through the differential diagnosis to identify these diseases [32] .
Perfusion Imaging of the Kidney
Renal perfusion is an essential functional parameter for evaluating renal vascular damage in patients with renal artery stenosis, ureteral obstruction, chronic allograft rejection, and other renal diseases [33, 34] . Kidney hypoperfusion can potentially trigger mechanisms leading to renal injuries and, ultimately, altered renal function [35, 36] . Several imaging modalities have been proposed for the noninvasive assessment of renal perfusion, including dynamic contrast-enhanced MRI, contrast-enhanced US, and contrastenhanced CT [37] . Multidetector CT is a useful tool for measuring renal perfusion. Multidetector CT is largely available, and the relationship between the measured renal tissue attenuation and the concentration of the contrast medium is strictly linear [24, 38] . To date, the measurement of renal perfusion has predominately been validated with an extended gamma variate model, providing regional RBF and glomerular filtration rate measurements. This model requires a high rate of contrast medium injection (e.g., 15 mL/sec) to produce a bolus injection time that is as short as possible [39] . This high-rate injection is impossible to deliver with a peripheral catheter because of the small diameter of the peripheral vein; therefore, a central venous catheter is mandatory, which is invasive and cannot be used easily in routine clinical practice. Thus, a validation of the renal perfusion measurement after low-rate contrast medium injection is mandatory for applying multidetector CT in clinical practice [40] . CT renal perfusion imaging is feasible and delivers a reliable qualitative and quantitative analysis of the normal renal cortex and renal pathological perfusion.
Perfusion CT protocol of the kidney
First, an unenhanced CT scan of the upper abdomen at the level of the kidneys, as determined by the topogram, is performed. For perfusion imaging, iopromide (50 mL) is injected through an 18-gauge needle into an antecubital vein at a flow rate of 5 mL/s followed by 20 mL of saline solution at the same flow rate. Scanning is usually initiated after a 6-second delay to allow for acquisition of baseline nonenhanced images [40] .
Perfusion CT in pathologies of the kidney
The contrast material administered with the CT scan is infused i.v. and perfuses the venous system before passing to the arterial system. When the contrast material reaches the kidneys, it passes through the major renal arteries to the interlobar, arcuate, and then interlobular arteries. The contrast material then passes through the afferent arterioles, the glomerular tuft and, finally, to the efferent arterioles. From the juxtamedullary glomeruli, the contrast material passes through the efferent arterioles to the descending vasa recta and then to the outer and inner medulla to form the tubular capillary bed [41] . Theoretically, if we could measure the concentration of the contrast material over time during its vascular passage through the kidney, starting from the major vessels to the renal pelvis, the perfusion and function of each part of the kidney could be identified and measured separately [40, 41] . By measuring the contrast opacification, or the radio density in different parts of the kidney, the contrast concentration can be estimated [42] . Chen et al. [43] reported CT perfusion values for normal renal cortex; they found average values of 454.32 mL x min -1 x 100 g -1 for the BF and 23.53 mL x 100 g -1 for the BV, and the mean values of the BF and BV were significantly higher while the MTT was significantly lower in renal cell carcinoma (RCC) than in normal renal cortex.
Renal cell carcinoma is the most common malignant tumor of the kidney; most cases of RCC are hypervascular. Angiogenesis plays an important role in the growth and spread of RCC [44] . As an appropriate noninvasive tool for the assessment of angiogenesis, perfusion CT is becoming widely used for the diagnosis of cancers and for the monitoring of the tumor response to therapy [44, 45] . Kaneoya analyzed the functional CT images of 14 RCCs and found a significant linear correlation with the functional CT parameters (BF, BV and MTT) [46] . Patients with metastatic RCC have a poor prognosis with a 5-year survival rate of less than 10% [47] . Ng et al. [48] reported that there was a significant increase in the tumor blood flow and a significant reduction in the tumor MTT in metastatic RCC (Figure 4) .
Conclusion
MDCT has a high temporal and spatial resolution in the measurement of perfusion. Additionally, MDCT enables the simultaneous measurement of perfusion in multiple organs. Perfusion CT is becoming a preferred functional imaging tool in the field of oncology, and it has the potential to play a crucial role in the management of cancer patients, particularly as a means of monitoring their response to antiangiogenic drugs. Moreover, the indications for perfusion CT include differentiating between inflammatory processes and tumor-like lesions, determining the degree of function in certain organs, and detecting the presence of residual tumor tissue after minimally invasive therapies. 
